Synaptotagmin-1 and -7 constitute the main calcium sensors mediating SNARE-dependent exocytosis in mouse chromaffin cells, but the role of a closely related calcium-binding protein, Doc2b, remains enigmatic. We investigated its role in chromaffin cells using Doc2b knock-out mice and high temporal resolution measurements of exocytosis. We found that the calcium dependence of vesicle priming and release triggering remained unchanged, ruling out an obligatory role for Doc2b in those processes. However, in the absence of Doc2b, release was shifted from the readily releasable pool to the subsequent sustained component. Conversely, upon overexpression of Doc2b, the sustained component was largely inhibited whereas the readily releasable pool was augmented. Electron microscopy revealed an increase in the total number of vesicles upon Doc2b overexpression, ruling out vesicle depletion as the cause for the reduced sustained component. Further experiments showed that, in the absence of Doc2b, the refilling of the readily releasable vesicle pools is faster, but incomplete. Faster refilling leads to an increase in the sustained component as newly primed vesicles fuse while the [Ca 2ϩ ] i following stimulation is still high. We conclude that Doc2b acts to inhibit vesicle priming during prolonged calcium elevations, thus protecting unprimed vesicles from fusing prematurely, and redirecting them to refill the readily releasable pool after relaxation of the calcium signal. In sum, Doc2b favors fast, synchronized release, and limits out-of-phase secretion.
Introduction
Release of neurotransmitters depends on vesicle exocytosis driven by the formation of a ternary SNARE complex between vesicles and the plasma membrane (Jahn and Scheller, 2006) . Calcium dependence is conferred to the SNAREs by proteins of the synaptotagmin (syt) family, which act together with complexin to allow the buildup of a pool of release-ready-or "primed"-vesicles, that can fuse rapidly when calcium binds to syt (Rizo et al., 2006; Martens et al., 2007; Chapman, 2008; Pang and Südhof, 2010; Walter et al., 2011) .
In chromaffin cells two syt proteins participate in the exocytosis of large dense-core vesicles (LDCVs): syt-1 drives fast release (Voets et al., 2001; Nagy et al., 2006) , while syt-7 augments both fast and slow release components (Schonn et al., 2008) and regulates the fusion pore (Segovia et al., 2010) . Recently, proteins of the Doc2 family have come under scrutiny. Like syts, these proteins have two C2-domains, C2A and C2B, but they lack a transmembrane domain . They bind to the plasma membrane in a reversible, calcium-dependent manner and thus cycle on and off of it during neuronal activity . Their calcium affinity is higher than that of syt-1, with maximal binding at [Ca 2ϩ ] i Ͻ1 M Malkinson and Spira, 2006) . In in vitro experiments Doc2 stimulates SNARE-dependent membrane fusion in a calcium-dependent manner .
The physiological role of Doc2 proteins is enigmatic. In neurons, deletion of Doc2a/b leads to a decrease in the frequency of miniature release to 50 -75%, whereas fast synchronous release remains unaffected Pang et al., 2011) . Knockdown of Doc2a leads to a specific decrease in asynchronous release (Yao et al., 2011) and deletion of Doc2b reduces both the first and second phase of insulin release in ␤-cells (Ramalingam et al., 2012) . Despite the similarity to syts in in vitro lipid mixing assays , it remains unclear whether Doc2 proteins also actively trigger SNAREdependent vesicle fusion, or whether they modulate secretion by acting on upstream steps (Pang et al., 2011; for review, see Walter et al., 2011) .
In chromaffin cells, Ca 2ϩ in the submicromolar range facilitates vesicle priming (Bittner and Holz, 1992; von Ruden and Neher, 1993; Smith et al., 1998) and augments the size of the primed vesicle pools, which support the burst phase of release. In addition, an unprimed vesicle pool (UPP) supports a later, sustained, phase of release (Ashery et al., 2000) . Overexpression of Doc2b increases burst secretion leading to the suggestion that Doc2b traffics to the plasma membrane and drives calcium-dependent vesicle priming (Friedrich et al., 2008) . To establish a role for Doc2b in vesicle priming and fusion, we here examined the consequences of its genetic elimination. Surprisingly, we find that Doc2b exerts dual and opposite effects on vesicle priming, such that priming is inhibited during sustained calcium elevations, but stimulated during periods of rest, resulting in overall synchronization of release.
Materials and Methods
Chromaffin cell culture. Adrenal glands from P0 -1 pups of either sex were dissected out, and chromaffin cells isolated and cultured according to previously published protocols (Sø-rensen et al., 2003b) .
Exocytosis measurements. Combined capacitance measurements and amperometric recordings were performed essentially as described previously (Mohrmann et al., 2010 ) on a Zeiss Axiovert 10 equipped with an EPC-9 amplifier (HEKA Elektronik) for patch-clamp capacitance measurements and an EPC-7 plus (HEKA Elektronik) for amperometry. The release of catecholamines was triggered either by UV flashphotolysis (JML-C2, Rapp Optoelektronik) or by sustained illumination using monochromator light (see below) of a caged-calcium compound, nitrophenyl-EGTA (Synaptic Systems), which was infused into the cell via the patch pipette, or by membrane depolarization.
Intracellular calcium concentrations were determined using a mixture of two fluorescent dyes with different Ca 2ϩ -affinities (fura-4F and furaptra, Invitrogen) (Voets, 2000; Sø-rensen et al., 2002) , which, after calibration, allow calcium concentration measurements over a large dynamic range. For the ratiometric determination of calcium concentrations, the excitation light (Polychrome IV, TILL Photonics) was alternated between 350 and 380 nm. Emitted fluorescence was detected with a photodiode and sampled using Pulse software (HEKA Elektronik), which was also used for controlling the voltage in the pipette and performing capacitance measurements. The 350/380 fluorescence signal ratio was calibrated by infusion of cells with 8 different solutions of known calcium concentrations. The standard intracellular solution contained the following (in mM): 100 Cs-glutamate, 8 NaCl, 4 CaCl 2 , 32 Cs-HEPES, 2 Mg-ATP, 0.3 GTP, 5 NPE, 0.4 fura-4F, 0.4 furaptra, and 1 Vitamin C (to prevent flash-induced damage to fura dyes), pH 7.2 (osmolarity adjusted to ϳ295 mOsm). To investigate the effect of basal (preflash) [Ca 2ϩ ] i values on vesicle priming, in some cells we ap- ] i measured by microfluorimetry. Middle panel shows the changes in cell membranecapacitance(meantracesforallcells).Bottompanelshowstheintegratedamperometriccharge(meantraces).Theinsetshows a subset of longer recordings, directly demonstrating the stronger delayed release in Doc2b KO cells. C,AsinB but displayed is the average result of the fifth trial in the same cells. D, Mean (ϮSEM) IRP size was reduced more over the five trials in the Doc2b KO. E, Mean (ϮSEM) RRP size was reduced more over the five trials in the Doc2b KO. F, The Ca 2ϩ current amplitude (measured at the first 10 ms depolarization during the first trial) was unchanged in the Doc2b KO. G, The total release (including delayed release) was unchanged in the Doc2b KO. H, In the Doc2b KO cells, significantly more secretion happened in between trials (delayed release, see A). I, Delayed release was more prominent during initial trials. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001 (unpaired two-tailed Student's t test).
plied repeated monochromator illumination (alternating between 350 and 380 nm) to induce slow calcium uncaging and raise the basal [Ca 2ϩ ] i to higher values before the uncaging flash (Voets, 2000) . Calcium measurements were averaged for 20 s before the uncaging flash to determine the basal [Ca 2ϩ ] i driving vesicle priming, and those values are given in the Results section, where relevant. For depolarization experiments, Ca 2ϩ and NPE were omitted, and EGTA (0.5 mM) was added to the intracellular solution to keep a low basal [Ca 2ϩ ] i . The extracellular solution was composed of the following (in mM): 145 NaCl, 2.8 KCl, 2 CaCl 2 , 1 MgCl 2 , 10 HEPES, and 11 glucose, pH 7.2 (osmolarity adjusted to ϳ305 mOsm).
Amperometric recordings were performed simultaneously to membrane capacitance using carbon fibers with 5 m in diameter (Thornel P-650/42; Cytec), insulated using the polyethylene method (Bruns, 2004) . Fibers were clamped to 700 mV and currents were filtered at 2.9 kHz using an EPC-7 (HEKA) and sampled at 11.5 kHz. Information about pool sizes and fusion rates was obtained by fitting the capacitance traces with a sum of three exponential functions using custom macros written in IGOR Pro software. Data are presented as mean Ϯ SEM and statistical comparisons were made in Graphpad Prism using unpaired, two-tailed Student's t test, unless otherwise stated.
Immunocytochemistry. Chromaffin cells used for immunocytochemistry were cultured for 2 d on coverslips coated with poly-D-lysine (Sigma). Cells were fixated in 4% paraformaldehyde for 20 min at room temperature (RT), permeabilized in PBS with 0.1% Triton X-100 for 10 min, and blocked for 30 min in PBS containing 3% BSA. Primary antibodies (chicken anti-GFP, 1:500, Abcam; rabbit anti-Doc2, 1:100, custom made; mouse anti-VAMP2, 1:500, Synaptic Systems) were incubated for 2 h at RT followed by extensive washing in PBS before incubating the cells with secondary antibodies (goat anti-chicken Alexa Fluor 488, 1:1000; goat anti-mouse Alexa Fluor 546, 1:1000; goat antirabbit Alexa Fluor 647, 1:1000; all from Invitrogen) for 2 h at RT. After extensive washing the coverslips were mounted on slides using FluorSave (Calbiochem). The cells were imaged using a laser-scanning confocal microscope (Zeiss LSM 710) with a 63ϫ oil objective.
In situ hybridization. DIG-11-UTP-labeled RNA probes were produced using T3 (antisense probe) and T7 RNA polymerase (sense probe) from a pGEM-T-Doc2b plasmid harboring nucleotides 512-1378 of mouse Doc2b (GenBank NM_007873). Adrenal glands from E18 stage embryos were frozen on dry ice, embedded in Tissue-Tek OCT compound (Sakura Finetek) and cryosectioned at 16 m thickness. After storage at Ϫ80°C, the tissue was fixed (10 min at RT in PBS with 4% paraformaldehyde), washed (3 ϫ 3 min at RT in PBS), acetylated (10 min at RT in freshly prepared 100 mM triethanolamine, 66 mM HCl, and 25 mM acetic anhydride), washed again, Total secretion (from 0 to 5 s after the flash), burst secretion (from 0 to 0.5 s after flash) and sustained (Sust.) secretion (from 0.5-5 s after flash, linear rate) were not significantly changed. However, when the total secretion was divided by the burst, the ratio was significantly higher in the Doc2b KO. C, Second calcium uncaging trial, performed 100 s after the first in the same cells. Panels as in A. D, Burst secretion during the second trial was significantly reduced and sustained secretion, as well as the ratio between total and burst secretion, were significantly increased in the KO. E-H, Calcium uncaging from high basal [Ca 2ϩ ] i revealed a significant increase in the sustained component in Doc2b KO cells. Panels as in A-D. *p Ͻ 0.05; **p Ͻ 0.01 (unpaired two-tailed Student's t test).
prehybridized (2 h at RT in 50% deionized formamide, 5ϫ SSC, 5ϫ Denhardt's reagent, 250 g/ml yeast tRNA, and 500 g/ml salmon sperm DNA), and hybridized (16 h at 72°C in the same buffer supplemented with 400 ng/ml of probe). After stringent washing (2 h at 72°C in 0.2ϫ SSC) the tissue was incubated with 5000-fold diluted anti-DIG-F(Ab) antibody conjugated to alkaline phosphatase (Roche), washed, and subsequently stained with BCIP/NBT (5-bromo-4-chloro-3-indolyl phosphate and nitro blue tetrazolium; Roche).
Electron microscopy of cultured chromaffin cells. Chromaffin cells from WT and Doc2a/b KO mice (P0 -1), both control and expressing Doc2b by means of SFV infection, were plated on coverslips (Cellocate, Eppendorf) coated with rat tail type I collagen (Sigma). Because the Doc2a/b KO line was kept homozygote for the Doc2b KO allele, for these experiments the WT animals were taken from a different mouse colony with an identical genetic background (C57BL/6). After 2 DIV, the cells were fixed for 45 min at room temperature with 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4, washed with cacodylate buffer, embedded, and analyzed as described before (Toonen et al., 2006) . The distribution of chromaffin granules was analyzed in a blinded fashion for the experimental condition. Granules were defined as docked if there was no measurable distance separating them from the plasma membrane.
Results
To understand the function of endogenous Doc2b, we here studied adrenal chromaffin cells isolated from newborn (P0 -1) Doc2b
Ϫ/Ϫ mice (KO) obtained by crossing heterozygotes. Wildtype (Doc2b ϩ/ϩ ) littermates (WT) were used as control, unless noted otherwise.
Deletion of Doc2b desynchronizes release
To understand the role of Doc2b in the fusion of the different vesicle pools, we first stimulated chromaffin cells with a depolarization protocol designed to distinguish between the immediately releasable pool (IRP) and the readily releasable pool (RRP) of vesicles (Fig. 1B, top) . Six initial brief depolarizations (10 ms to ϩ20 mV) cause a local increase in [Ca 2ϩ ] i and release the IRP vesicles, which are positioned close to calcium channels, whereas four subsequent longer depolarizations (100 ms to ϩ20 mV) cause global [Ca 2ϩ ] i elevation and release the entire RRP (Horrigan and Bookman, 1994; Voets et al., 1999). The IRP is commonly assumed to constitute a subset of the RRP. The stimulation protocol was repeated five times at 1 Figure 3. Doc2b supports a larger fast burst of release. A, Kinetic analysis was performed by fitting a sum of exponential functions to individual capacitance traces, leading to the identification of the fast and slow burst of release (inset). These are assumed to originate from two underlying vesicle pools, the RRP and the SRP. B, Releasable pool sizes and C, fusion time constants, were not significantly different in the Doc2b KO compared with WT when analyzing the experiments presented in Figure 2E . Ci, When including recordings from the "double flash protocol" (Fig. 5 ), the fast burst was significantly smaller in the Doc2b KO (n gives the number of cells in each group). Cii, The fast time constant was not significantly changed. **p Ͻ 0.01 (unpaired two-tailed Student's t test). Figure 2A . C, The analysis of the exocytotic burst, total secretion, and sustained component shows that the sustained component and total release are both increased in the Doc2a/b DKO. **p Ͻ 0.01; ***p Ͻ 0.001 (unpaired two-tailed Student's t test).
min intervals (Fig. 1A) while measuring the [Ca 2ϩ ] i using microfluorimetry (see Materials and Methods). Exocytosis was monitored using simultaneous membrane capacitance and amperometric measurements. Since amperometric measurements only probe a small part of the cell surface and are susceptible to differences in fiber sensitivity, we only subjected the membrane capacitance measurements to quantitative analysis. In this initial set of experiments, the pipette solution contained no added calcium, and the basal [Ca 2ϩ ] i before stimulation was therefore quite low (70.0 Ϯ 7.8 nM for WT; 63.8 Ϯ 8.8 nM for KO).
The first round of stimulation (6 short and 4 long depolarizations) resulted in unchanged IRP and RRP sizes and integrated amperometric charge in the Doc2b KO compared with WT cells (Fig. 1 B, D (Fig. 1 B, F ) . However, when the stimulation protocol was repeated, differences between Doc2b KO and WT cells became readily apparent. In WT cells, repeating the stimulation caused a mild increase in RRP size, due to calcium-dependent priming (Voets, 2000) , followed by a decrease caused by rundown (Fig. 1E) . The IRP size decreased from the third stimulation (Fig. 1D ). The [Ca 2ϩ ] i increase was smaller during the fifth trial than during the first (Fig. 1B,C) , due to Ca 2ϩ channel inactivation in both cell types (to 103.6 Ϯ 7.2 pA for WT and 116.3 Ϯ 10.6 pA for KO at the fifth trial; compare withFig. 1F). This reduction in calcium influx, together with the exhaustion of upstream vesicles pools, most likely accounts for the rundown of RRP and IRP size during later trials in WT cells. In KO cells both RRP and IRP sizes displayed a stronger decrease, falling significantly below WT values already from the second stimulation ( Fig.  1 D, E) . By the fifth stimulation, the RRP size had declined to Ͻ50% of WT values, whereas the IRP was almost empty (Fig. 1C-E) . These data indicate that Doc2b KO chromaffin cells suffer from incomplete refilling of the RRP and IRP following repeated stimulation.
While performing these experiments we noted that Doc2b KO cells often secreted substantially between trials. We therefore quantified the increase in capacitance in-between measurement trials, which we dubbed "delayed release" (Fig.  1A) . Adding up the delayed release to the release recorded during trials we found that the total capacitance increase across the five trials was indistinguishable in WT and KO cells (Fig. 1G) , while the fraction of delayed release was significantly increased in the KO (Fig. 1H) . This was primarily caused by increased delayed release following the first stimulation trials (Fig. 1I shows delayed release following the first and the fourth trial). To directly visualize this delayed release, we repeated the first stimulation in a subset of cells while extending the recording time after the last depolarization. This indeed identified an increased poststimulation secretion in Doc2b KO cells compared with WT (Fig. 1B, inset ). Fig. 2A) . Doc2b KO cells showed a nonsignificant tendency to a smaller secretory "burst" (here defined as the secretion within 0.5 s of the flash), and a larger sustained component (the rate of capacitance increase from 0.5 to 5 s after the flash; Fig. 2B ), resulting in a slightly sigmoid-shaped capacitance curve. The ratio of total secretion to burst size was significantly larger in Doc2b KO cells (Fig.  2B) , confirming a shift in secretion from the burst to the sustained component. When stimulating the cell again 100 s later these changes were exacerbated, leading to a significantly smaller burst and a larger sustained component (Fig. 2C,D) .
At higher basal [Ca 2ϩ ] i , secretion starts to be prominent even before uncaging (Voets, 2000) . Under these circumstances, the burst size is determined by the balance between the fusion rate, which increases with a power of three at higher [Ca 2ϩ ] i and causes pool depletion, and the priming rate, which increases linearly with [Ca 2ϩ ] i and causes pool refilling. To assess the influence of basal [Ca 2ϩ ] i on burst size (see also below, and Fig. 5C ), another round of calcium uncaging experiments was performed from a higher basal [Ca 2ϩ ] i (1.02 Ϯ 0.05 M for WT and 0.93 Ϯ 0.07 M for KO). Two flash stimulations identified a significant increase in the sustained component in the Doc2b KO, and also a significant increase in total secretion and ratio of total to burst secretion (Fig. 2 F, H ).
Calcium uncaging makes it possible to accurately assess the size and fusion kinetics of fast and slow phases of the release burst by fitting a sum of exponential components to the capacitance traces (Fig. 3A , and see Materials and Methods). These phases have been suggested to originate from the fusion of two primed vesicle pools, the RRP (see also above), and the SRP, respectively (Voets, 2000) . The analysis of the cells subjected to uncaging from a high basal [Ca 2ϩ ] i (Fig. 2E ) did not reveal significant changes (Fig. 3 B, C) , although the fast burst was slightly reduced (Fig. 3B) . When adding flash experiments obtained by another protocol (recovery experiment, see Fig. 6 ), which only allows accurate determination of the fast burst (see below), we could show that it was indeed significantly decreased, although slightly (by 17%), in the Doc2b KO cells (Fig. 3Ci) , whereas the fast time constant was unchanged (Fig. 3Cii) .
Uncaging experiments performed from a relatively high basal [Ca 2ϩ ] i in Doc2a/b double knock-out cells (841 Ϯ 70 nM for Doc2a/b KO, 907 Ϯ 73 nM for WT) identified a phenotype characterized by an increase in the sustained component (Fig. 4 B, C) , consistent with data obtained in Doc2b single KO cells under similar circumstances (Fig. 2 E, F ) . This finding correlates with the lack of detectable expression of Doc2a in chromaffin cells by in situ hybridization (Fig. 4A) (Friedrich et al., 2008) . Thus, the increase in sustained component is not caused by compensatory upregulation of Doc2a in the absence of Doc2b.
Overall, our data show that Doc2b KO cells suffer from a synchronization problem: vesicles tend to fuse late during sustained calcium elevations, whereas the fast burst is slightly smaller and the refilling of the RRP is incomplete, suggesting a complex defect in the priming process.
Doc2b affects neither the calcium dependence of release nor of steady-state vesicle priming
The calcium affinity of Doc2b is markedly higher than that of syt1, and maximal lipid binding is observed at calcium concentrations Ͻ1 M (Groffen et al., 2006; Malkinson and Spira, 2006 ). Since we expected that calcium binding and translocation to the membrane is a prerequisite for modulating fusion, we hypothesized that Doc2b might play a calcium-dependent role in exocytosis.
To examine the calcium dependence of fusion triggering, we illuminated the cells by rapidly alternating between 350 and 380 nm, which leads to slow calcium uncaging while allowing simultaneous ratiometric calcium measurements (Sørensen et al., 2002) . The resulting calcium ramp (Fig. 5A, top) triggers a sigmoid-shaped increase in membrane capacitance (Fig. 5A,  middle) . The secretion threshold was determined as the [Ca 2ϩ ] i at the first maximum of the second derivative of the capacitance trace (Fig. 5A, bottom) , i.e., as the calcium concentration at the time of maximal secretion acceleration. This parameter is a very sensitive measurement of the calcium dependence of release at low [Ca 2ϩ ] i and is affected by mutations that change the calcium affinity of synaptotagmin-1 (Sørensen et al., 2003a) , or when mutating SNAP-25 to reduce its interaction with synaptotagmin-1 (Mohrmann et al., 2013) . If Doc2b drives secretion at low [Ca 2ϩ ] i , we would therefore expect an increase in the secretion threshold in the Doc2b KO. However, the threshold was unchanged between Doc2b KO and WT cells (Fig. 5B) , which argues against a role for Doc2b in driving fusion triggering.
We next assessed the calcium dependence of steady-state vesicle priming, by plotting the burst size as a function of basal (preflash) [Ca 2ϩ ] i (Fig. 5C ). Increasing basal calcium causes a bell-shaped change in the size of the exocytotic burst (Voets, 2000) ; the increase at concentrations Ͻ1 M is caused by a calcium-dependent priming process upstream of the primed vesicle pools (see Fig. 9A ), whereas the decrease at higher [Ca 2ϩ ] i is caused by the fusion of vesicles from the primed pools, causing their depletion. Our WT data (Fig. 5C ) reproduce previous findings (Voets, 2000) , and Doc2b KO cells display normal calciumdependent priming at lower [Ca 2ϩ ] i , ruling out an obligatory role of Doc2b in driving calcium-dependent priming upstream of the SRP (see Discussion).
When comparing the results from calcium uncaging (especially Fig. 5C ) with the RRP estimated by depolarizations (Fig. 1 ), it appears that the latter method overestimates the RRP because, at the very low basal [Ca 2ϩ ] i used in depolarization experiments, the whole burst (which is made up of SRP and RRP vesicles) should be Ͻ100 fF (Fig. 5C ), while the estimate of the RRP by depolarization alone was ϳ100 fF (Fig. 1E , first set of points). Indeed, with an increase in global [Ca 2ϩ ] i to ϳ10 M (Fig. 1B) , the SRP is expected to also fuse during this protocol (Voets, 2000) . Therefore, the delayed release measured in depolarization experiments is a phase that follows fusion of both SRP and RRP vesicles, just as the sustained release phase estimated in uncaging experiments. The increases in delayed and sustained release in the Doc2b KO are therefore different reflections of one and the same phenotype.
Doc2b causes calcium-dependent inhibition of sustained release
The main effect of removing Doc2b is an increase in the rate of the sustained-or delayed-fusion component following an increase in the [Ca 2ϩ ] i . When flashing from a high basal [Ca 2ϩ ] i (as in Fig. 2E ), Doc2b is expected to be calcium-saturated, even before uncaging, making it unlikely that the activation state of Doc2b changed following the flash. In our search for a calciumdependent function of Doc2b we therefore asked whether the sustained component would depend on preflash [Ca 2ϩ ] i . Plotting the sustained component as a function of preflash [Ca 2ϩ ] i indicated almost no dependency in WT cells (Fig. 5D) . Surprisingly, however, in Doc2b KO cells the sustained component displayed a clear dependence on preflash [Ca 2ϩ ] i ; at low preflash [Ca 2ϩ ] i the rate was hardly different from WT, but at higher calcium concentrations the rate increased (Fig. 5D) . Consequently, in WT cells Doc2b exerts a calcium-dependent inhibitory function on the rate of sustained release (Fig. 5D , green subtraction line). Strikingly, this inhibition appeared to almost exactly counteract the underlying calcium dependence of the sustained component (as revealed in the KO), resulting in an overall constant sustained rate at all [Ca 2ϩ ] i in the WT. The sustained rate is normally assumed to report on the forward priming rate (Sørensen, 2004) indicating that, in our experiments, priming is inhibited by Doc2b.
Pool refilling is faster, but incomplete, in the absence of Doc2b
A higher rate of sustained exocytosis (as in the Doc2b KO) is commonly taken as a sign of faster vesicle priming, or pool refilling, because in the standard model for secretion, vesicle priming is rate limiting during this phase of release (Sørensen, 2004) . After initial depletion of the primed vesicle pools, vesicles that prime while the [Ca 2ϩ ] i is still high will immediately fuse, giving rise to sustained exocytosis. However, this interpretation is based on a specific model, and other possibilities remain. For instance, the steeper sustained component might be caused by the fusion of a separate vesicle pool and not related to primed pool recovery.
To directly probe pool recovery we designed a dual-flash protocol, where two consecutive flashes were applied with a variable interval. For short recovery times we had to ensure that the [Ca 2ϩ ] i would return to baseline levels as soon as possible, to allow for a second stimulation. This was obtained by reducing illumination after the flash, and by modifying the pipette solution to contain less calcium. Before the first stimulation, monochromatic illumination was used to raise the [Ca 2ϩ ] i to prime vesicles and fill the pools (772 Ϯ 28 nM for WT; 771 Ϯ 28 nM for KO); after the flash, the [Ca 2ϩ ] i quickly relaxed with a time constant of ϳ3 s (Fig. 6A, red dots) . Additionally, flash intensity was adjusted between the first and second stimulations to achieve similar postflash [Ca 2ϩ ] i . These experiments showed that the fast phase of the burst recovered following an exponential process with a time constant of 49.8 Ϯ 25.4 s in the WT cells (Fig. 6B) . While the fast burst was readily detectable by its faster release kinetics, the slow burst could not be reliably separated from the sustained component. Due to the relaxing [Ca 2ϩ ] i , the sustained component was not linear, but exponential with a time constant similar to the slow burst. We nevertheless estimated the slow component (consisting of the slow burst and parts of the sustained component) following the fast burst (Fig. 6C) . It is evident that adrenal chromaffin cells-like central neurons (Sakaba and Neher, 2001)-have a fast releasing phase that recovers slowly (Fig. 6B) and a slowly releasing phase that recovers fast (Fig. 6C) . The results show that the fast burst in Doc2b KO cells indeed recovered faster, but to a lower level than WT cells. To test whether these changes were significant, we fitted both WT and KO data with a singleexponential recovery function. We found that both the shorter time constant (9.8 Ϯ 5.1 s for KO, p ϭ 0.028, extra sum-ofsquares F test) and the lower recovery level (60.9 Ϯ 5.6% for KO and 105.1 Ϯ 19.7% for WT, p ϭ 0.0052, extra sum-ofsquares F test) to be significantly different between KO and WT cells.
This finding establishes the conclusion that, in the absence of Doc2b, chromaffin cells have faster but incomplete recovery of the RRP. The incomplete recovery of this vesicle pool aligns well with the depolarization experiments (Fig. 1) , and with the reduced burst size in the second stimulation when flashing from intermediate [Ca 2ϩ ] i ( Fig. 2A-D) . Furthermore, the faster pool recovery concurs with both the increased sustained component identified in uncaging experiments and with the increased amount of delayed release between depolarization protocols (Fig. 1H ).
Doc2b overexpression synchronizes release
To understand whether the changes in the Doc2b KO are the direct effect of Doc2b elimination or caused by developmental changes indirectly linked to the genetic change, we turned to rescue experiments. We used a Semliki Forest virus (SFV) construct, which expressed wild-type Doc2b followed by an internal ribosome entry site (IRES) and enhanced green fluorescent protein (EGFP) as an expression marker.
Immunostaining showed that Doc2b was overexpressed in mouse chromaffin cells after 5-6 h of infection with SFV particles (Fig. 7 A, B) . Electrophysiological characterization of expressing cells revealed a substantial increase in the size of the fast burst (Fig. 7C,D) , and a severe decrease in the sustained component (Fig. 7C,F ) compared with Doc2b KO cells. These effects go in the expected direction, i.e., in the opposite direction of Doc2b KO cells, which had a steeper rate of sustained release and a smaller fast burst (although the effect was small, Fig. 3Ci ). It is interesting that Doc2b overexpression caused over-rescue: the sustained component was reduced more and the fast burst was increased more than in the WT. This is in line with the SFV being a very strong expression system and it shows that the effect of Doc2b is concentration-dependent, and not saturated by endogenous Doc2b levels. The overall effect of overexpression confirms that the knock-out phenotype is reversible and thus caused by the direct loss of Doc2b.
Vesicle number is increased upon overexpression of Doc2b
Doc2b elimination leads to an increase in the sustained component, whereas Doc2b overexpression causes a strong decrease. These changes could be caused either by a difference in the priming process itself, or by a difference in vesicular con- tent of the cell. This is especially pertinent, as Doc2b deletion decreases the rate of spontaneous release in neurons Pang et al., 2011) . Even though it is unknown whether chromaffin cells have a similar spontaneous release pathway, an effect of Doc2b on such a pathway could partly explain our data; in the knock-out, decreased spontaneous release could lead to "overfilling" of upstream pools, and thereby to an increased sustained release rate, whereas overexpression could cause upstream pool depletion and a lower sustained rate.
To investigate this point we performed electron microscopy on Doc2a/b double knock-out chromaffin cells. Both WT and KO cells displayed normal morphology, including a large pool of docked vesicles (Fig. 8A-G) , and the overall number of vesicles was unchanged. However, when overexpressing Doc2b, the total number of vesicles per cell significantly increased (Fig. 8H ) . This was not caused by a change in the docked vesicle pool, but by a higher number of vesicles further inside the cell (Fig. 8G,I ), particularly a small pool of vesicles just beneath the plasma membrane (Ͼ0 -25 nm group, Fig.  8G ). Vesicle diameters were not changed between the three groups (Fig. 8J ) . These data rule out that pool depletion or overfilling could explain the electrophysiological changes seen in the KO, or after overexpression, respectively.
Discussion
Our data establish a function for Doc2b in shifting catecholamine release in chromaffin cells from sustained secretion to synchronized release. First, Doc2b deletion led to a slightly smaller RRP and a larger sustained component (Figs. 1-3) . Second, refilling of the readily releasable pool was faster, but incomplete, in the absence of Doc2b (Figs. 1, 6 ). Third, in prolonged experiments, Doc2b deletion did not change the total amount of vesicle release, only its distribution between fast and delayed release components (Fig. 1) . Fourth, Doc2b overexpression caused a larger fast burst and a shallower sustained component (Fig. 7) . Fifth, electron microscopy identified a larger number of vesicles in Doc2b overexpressing cells (Fig. 8) , showing that the effect of Doc2b on the sustained component is not secondary to vesicle depletion. The latter finding suggests that, even though Doc2b elimination does not significantly change the total amount of release over the course of an electrophysiological experiment, inhibition of release dominates when Doc2b is overexpressed, causing the retention of vesicles.
Using calcium ramps, we find no evidence for a function of Doc2b in fusing vesicles at low [Ca 2ϩ ] i . Thus, despite the demonstrated ability of Doc2b to stimulate SNAREdependent vesicle fusion in vitro , our data are more consistent with an upstream role (Pang et al., 2011) . Previous work using overexpression emphasized the increased burst size (Friedrich et al., 2008) , but did not identify the inhibition of sustained release, which we find to be an important role for Doc2b. The accurate measurement of vesicle pool refilling during experiments encompassing multiple rounds of stimulation (Figs. 1, 5) demonstrated that endogenous Doc2b exerts dual effects on vesicle pool refilling, which ultimately favor synchronous exocytosis (see below).
Doc2b: dual functions favor synchronous release
The size of primed vesicle pools increases in parallel as a function of the [Ca 2ϩ ] i at concentrations up to 0.7-1 M, while at higher concentrations both pools decrease due to ongoing fusion (Voets, 2000) . It was, therefore, concluded that both the fast and slow phases of burst release are fed by an upstream calcium-dependent process-priming-giving rise to sustained secretion after a step increase in the calcium concentration (Fig. 9A) . Experiments using overexpression of Doc2b led to the suggestion that calcium-dependent Doc2b trafficking to the membrane might constitute a molecular counterpart of this process (Friedrich et al., 2008) . Here, we have shown that the release burst is still calcium-dependent in the Doc2b KO mouse (Fig. 5C) , ruling out the possibility that Doc2b is obligatory for the process refilling the SRP (Fig. 9A) . However, the small decrease in the size of the fast burst upon Doc2b deletion, and the larger increase upon overexpression, Figure 9 . Doc2b inhibits vesicle priming during sustained calcium elevations and redirects vesicles to refill the RRP. A, In the presence of Doc2b, the RRP is larger; both SRP and RRP vesicles fuse at the start of stimulation. These pools are refilled from the UPP, which again is refilled from the Depot pool (data not shown; we assume that the reaction refilling the UPP is slow compared with the duration of the experiment, see Discussion). B, During sustained calcium elevations, Doc2b inhibits priming, thus limiting the number of vesicles lost from the UPP. C, During recovery, the larger UPP will allow for complete refilling of the releasable pools, assisted by the positive function of Doc2b in increasing RRP size. D, In the absence of Doc2b, at the start of stimulation the vesicles in the primed vesicle pools (RRP and SRP) will fuse. E, During sustained calcium elevations, vesicles moving unrestricted from the UPP to the SRP/RRP will fuse immediately because of the high calcium concentration, causing loss of UPP vesicles. F, Because of the partially depleted UPP, refilling of the RRP following relaxation of the calcium signal is incomplete.
is in line with the idea that Doc2b supports another process: the one that converts SRP vesicles to RRP vesicles (Fig. 9C) .
The conclusion that Doc2b inhibits the forward priming reaction, after emptying of the primed vesicle pools, is directly supported by the observation that the sustained component is inhibited at higher basal [Ca 2ϩ ] i in the presence, but not in the absence, of Doc2b (Fig. 5D) . The calcium dependence of the sustained component in the Doc2b KO indicates the existence of an upstream calcium-dependent recruitment process, which is inhibited by Doc2b. Interestingly, the function of Doc2b in chromaffin cells demonstrated here appears similar to the function of rabphilin in neurons, which has been shown to delay recovery from use-dependent depression (Deak et al., 2006) ; in the absence of rabphilin recovery is sped up. Rabphilin is a member of the Doc2 protein family , suggesting that these proteins might share the function of regulating events upstream of vesicle fusion. Alternative to the hypothesis that Doc2b inhibits priming, it might be suggested that Doc2b inhibits fusion itself at sustained high [Ca 2ϩ ] i . However, fusion rates were not changed in the presence of Doc2b (Figs. 3Cii, 7G ), making this suggestion unlikely. Since the downstream pools, SRP and RRP, are not reduced in the presence of Doc2b, it has to be concluded that either Doc2b only affects forward priming at high [Ca 2ϩ ] i , or that Doc2b simultaneously decreases the backward priming reaction.
Doc2 binds to proteins involved in vesicle priming and fusion, including Munc13 (Orita et al., 1997; Mochida et al., 1998; Duncan et al., 1999; Higashio et al., 2008) , Munc18-1 , and syntaxin:SNAP-25 dimers (Sato et al., 2010; Yao et al., 2011) . Recent reconstitution experiments have identified these four proteins as constituting the minimal fusion machinery on the plasma membrane, which associates with vesicular synapotagmin-1 and synaptobrevin-2/VAMP-2 to drive calcium-dependent fusion (Ma et al., 2013) . It is thus conceivable that the association of Doc2b to this quaternary complex causes intermittent inhibition of vesicle priming by sequestering the fusion machinery. The interaction with SNAP-25:syntaxin dimers has been suggested to underlie the delay in vesicle priming induced by rabphilin in neurons (Deak et al., 2006) . Inhibition might be released when Doc2b/ rabphilin is replaced by vesicular proteins, producing a fusion competent vesicle.
In the fusion of LDCVs, CAPS might act as a functional Munc13 analog (Speese et al., 2007; Liu et al., 2008 Liu et al., , 2010 . CAPS and Munc13 probably function in a similar way by opening up closed syntaxin within the Munc18:syntaxin dimer (Betz et al., 1997; Richmond et al., 2001; Basu et al., 2005; Madison et al., 2005; Stevens et al., 2005; Khodthong et al., 2011; Ma et al., 2011) . In the absence of CAPS, the sustained component of release in chromaffin cells is reduced (Liu et al., 2010) . Overexpression of an open form of syntaxin bypasses the need for CAPS in setting up the RRP (Liu et al., 2010) , but the sustained component remains inhibited. Thus, calcium-dependent opening of syntaxin, through Munc13/ CAPS action, might underlie vesicle priming during sustained release. The similarity to the reduced sustained component and the increase in burst release upon overexpression of Doc2b (Fig. 7) suggest that Doc2b might inhibit a Munc13/ CAPS-dependent step in vesicle priming, but other possibilities remain. For example, both Doc2a and Doc2b bind to tctex-1, a light chain of cytoplasmic dynein that affects the transport of intracellular vesicles (Nagano et al., 1998) , although this interaction is not essential for plasma membrane association of Doc2b (Groffen et al., 2004) . The increased accumulation of vesicles below the membrane in Doc2b overexpressing cells is consistent with an interaction with a motor protein.
The increase in fast burst release upon Doc2b overexpression indicates that it interacts in at least two different configurations with the fusion machinery. Whereas one interaction mode is negative, Doc2b is also able to interact constructively, by either speeding up the conversion of slow-to-fast releasing vesicles or by slowing down the opposite reaction. This interaction might involve binding of Doc2b to the already assembled priming machinery. Interestingly, the overexpression of syt-1, which competes with Doc2b for interaction with the SNARE-complex , also shifts release toward the fast burst (Nagy et al., 2006) . Thus, interaction with either protein might stabilize the priming machinery.
How can the complicated net effect of Doc2b during repetitive physiological stimulation, such as in Figure 1 , be explained? Previous experiments demonstrated that the primed vesicle pools are refilled from an upstream vesicle pool of limited size-termed the "UnPrimed Pool", or UPP (Ashery et al., 2000) (Fig. 9 A, D) . In the presence of Doc2b the refilling reaction during sustained calcium elevation is inhibited, preventing the upstream (unprimed) vesicles from priming at a time where this would lead to immediate fusion (Fig. 9B) . Instead, these vesicles are saved for after the relaxation of [Ca 2ϩ ] i , where the stimulatory action of Doc2b further assists the refilling of the RRP (Fig. 9C) . In the absence of Doc2b (Fig.  8D--F ) , priming while the [Ca 2ϩ ] i is still high will cause the newly primed vesicles to fuse, leading to more sustained secretion, but also to depletion of the upstream pool (UPP). Thisand the lack of promotion of the SRP-to-RRP transition-in turn causes incomplete refilling when the [Ca 2ϩ ] i subsides (Fig. 9F ) . Thus, putting a cap on the forward priming rate during sustained stimulation will spare vesicles while calcium is high, leaving more vesicles to refill the fast releasing pool during periods of rest. The UPP, in turn, is filled from a much larger depot pool, which might coincide with the process of docking (Ashery et al., 2000) , even though this is unknown. Docking is a much slower process than priming (Steyer et al., 1997) which might, at least partially, account for the rundown seen during our experiments (Fig. 1) .
Our study has revealed two functions for Doc2b: first, Doc2b is a priming inhibitor, which protects unprimed vesicles from fusing during sustained calcium elevations. Second, Doc2b stimulates the preferential recruitment of these vesicles into the primed vesicle pool with the highest release rate: the RRP. As illustrated in Figure 9 , both mechanisms likely cooperate to favor synchronous over sustained secretion. Thus, shaping the release kinetics of a secretory cell involves an intricate interplay between promoters and inhibitors; in the case of Doc2b, both functions are found in the same protein.
